Tropical hardwood species are more and more used in the field of construction due to the particular qualities they can offer. Presently it is no longer possible to envisage the development of construction materials and products without taking into consideration the problem of their fire behaviour, and more particularly of their fire resistance. In the case of timber elements, this characteristic is mainly influenced by the charring rate of the external layers of the element. On the other hand this parameter is influenced by the density of the material.
Introduction
In Belgium, wood is widely available. More particularly, in Wallonia, the southern part of Belgium, wood is of excellent quality for building purposes. However hardly 8% of the Belgian building patrimony is realized with this material, while in other continents or countries such as North America, Scandinavian countries, New Zealand, Germany and Switzerland, timber is used extensively in the field of construction. The main reasons for this low use are related to building tradition and also to some lack of confidence in the performance and durability of timber construction, which is very often groundless.
Despite the good quality of Belgian wood, tropical hardwood species are frequently being used in Belgium and in Europe for the particular qualities they can offer.
It is presently no longer possible to envisage the development of construction materials and products without taking into consideration the problem of their fire behaviour, and more particularly of their fire resistance.
Timber is an inflammable and combustible material, but its fire resistance characteristics are considered to be satisfactory. In fact during the exposure to fire a charred layer forms on the external part of the timber element, that protects the underlying layers against the action of the fire. Therefore the residual section of the beam or of the column decreases slowly and the element loses only very progressively its structural capacity. The main parameter in the study of the fire resistance of timber structural elements is therefore their charring rate. This parameter is influenced mainly by the density of the material. Other factors have also an influence on the charring rate such as, for example, the moisture content. This factor has not been considered here because the moisture content was very similar in all specimens. Except for one specimen, the moisture content varied between 9% and 13%, i.e., very close to the value of 12% that is usually considered as the standard condition for testing mechanical properties of wood. This value of 12% also corresponds to the moisture content in timber members that are classified in Service Class 1 according to Eurocode 5, i.e., timber members located in a dry environment such as the interior of a building construction.
The main purpose of this research study is to analyse the charring rate of various timber species submitted to a standard fire [1, 2] , more particularly of tropical hardwood species, and to recommend a model to assess this characteristic in relation to the density of the material.
As there is limited information available on the charring rate of tropical hardwood, it has been decided to perform experimental investigations at the University of Liege to study this characteristic. Two types of test have been used. The first procedure has been developed at the University of Liege. Specimens have been manufactured by gluing several laminates together and instrumented with thermocouples inserted at various depths in different laminates. The second test consisted of a fire resistance test performed on a full scale nonloaded wall made of spruce. The wall has been instrumented with thermocouples embedded at different depths in the panel for the evaluation of the charring rate.
In order to make a proposal for the charring rate, these experimental results have to be compared with values recommended in various standards like EC5 [3] and those obtained from empirical models. This comparison will show if these models are appropriate for design purposes when tropical hardwood species are used. If not, a new model will be proposed.
Literature background
The charring rate of both softwood or hardwood timber exposed to the standard time-temperature curve [1, 2] has been studied in United States [4] [5] [6] , Sweden [7] , Australia [8] , New Zealand [9] and Malaysia [10] . All these investigations show that the density of wood has a major influence on this characteristic but tropical species have hardly been considered in these research works.
It is known that, due to the lack of a standard test procedure for determining charring rates, the results found in the literature may have been obtained in different ways. König and Waleij [7] , for example, proposed to define a basic charring rate as the charring rate corresponding to one-dimensional heat transfer conditions. Several empirical models have been developed [4] [5] [6] . One of these and two methods proposed in standards currently used for fire design of timber construction have been compared with the experimental results obtained in this study.
Eurocode 5 recommendation
EC5 assumes that the charring rate of timber made of solid or glued-laminated hardwood decreases linearly with density, with a limit of 0.5 mm/min for density larger than 450 kg/m 3 (see Table 1 ). For softwood species the standard provides a mean value of 0.7 mm/min for density larger than 290 kg/m 3 .
Australian standard model
The Australian code AS 1720.4 [11] gives the following equation for the notional charring rate β (mm/min) as a function of wood density:
where ρ 12 is the wood density at 12% moisture content (kg/m 3 ).
When determining the remaining effective residual section for structural purposes, both standards EC5 and AS 1720.4 calculate an effective charred depth by adding a constant thickness of 7 mm to the calculated value in order to take into account the heat-affected zone. where t is the time (min), x c is the charred depth from original fire-exposed surface (mm), h is calculated according to Eq. (3), used for both hardwood and softwood species (min/mm 1.23 ),
where c is the wood species classification (-): (-1) for hardwood and (+1) for softwood, d is the transport property of wood species (-) including longitudinal gas permeability, treatability, and diffusion coefficients, see Table 2 , p is the density of the wood (kg/m 3 ), ω is the moisture content (%).
Tests performed at the University of Liege
Two experimental procedures have been conducted in Liege using a small vertical furnace (2 m × 2 m). They were performed in accordance with the recommendations of the Belgian standard for fire resistance of building elements NBN 713-020 [13] , including a pressure difference of 20 Pa applied between the inside of the furnace and the environment.
Test 1: charring rate of timber specimens
The Belgian standard gives only general indications regarding the test set-ups. Therefore, a test set-up has been designed at the University of Liege to investigate the charring rate of tropical hardwood (Fig. 1 ). In this set up, one wall of the furnace is made of a steel frame filled with cellular concrete blocks. Twenty holes measuring 280 × 170 mm have been made in the concrete wall for the placing of specimens as well as their fixing with insulating material.
The tested specimens are submitted on one side to the ISO 834 standard fire curve [1] .
Twenty specimens from seven tropical species with density ranging from 500 kg/m 3 for meranti to 1000 kg/m 3 for azobe and three species from temperate countries (oak, fir, spruce) were selected for this test. The specimens comprised eighteen 250 × 140 × 90 mm specimens manufactured by gluing seven 20 mm thick laminates together, one specimen made of three laminates for wenge species and one solid specimen for spruce species. Specimens were maintained tightly in the holes of the concrete wall by means of rigid insulation and by fitting all around with ceramic fibre.
Temperature measurements were taken by means of four thermocouples inserted at different depths in four different laminates situated in the middle part of each specimen.
Traditionally and in the procedure used here, it is assumed that the charring front reaches a thermocouple when its temperature indicates 300 °C, assuming that ignition starts at this point. The test is therefore completed when all thermocouples have reached a temperature of 300 °C.
Test 2: fire resistance of a wall
A non-loaded wall with nominal dimensions 86 mm thick, 1640 mm high and 2170 mm wide, manufactured by embedding twelve glued-laminated spruce beam profiles, was erected and subjected to fire exposure on one side. Fig. 2 shows the technical details of the beams used for the realisation of the wall.
The density of the spruce was 434 kg/m 3 . The mean moisture content obtained by using a resistive device in three different beams situated at three different levels of the wall was 13.9%.
The wall was instrumented with thermocouples located both on the non-exposed surface and at different depths from this surface in various elements in the wall (see Figs. 2 and 3 ).
Fig. 2. Technical details of the tested wall.

Experimental procedure for determining the charring rates
Test 1: specimens
For each tested specimen, four pairs of time and charred depth have been recorded. A charred depth proportional to time was considered with the following time-location relation Values for the parameter m have been obtained by linear regression of the time location data. Regressions have been made with time (t) as the dependent variable and the charred depth (x c ) as the independent variable. This is consistent with the experiments in which times corresponding to the 300 °C criterion were measured for fixed thermocouple locations.
The experimental charring rate β test as it is normally considered (mm/min) is simply the inverse of m.
The physical characteristics of the specimens and the experimental results (charring rates) are presented in Table  3 . They are discussed in Section 5.
Test 2: wall
The same procedure has been used to evaluate the charring rate of the spruce wall. The temperature-time curves drawn for the various thermocouples embedded in the wall together with their location provide the following linear regression equation:
The inverse of the constant gives the experimental charring rate β test = 0.51 mm/min.
The fire resistance test performed on the wall has also been analysed to obtain a second rough estimate of the charring rate. The mean depth of the residual thickness of the panel has been measured after the test thus giving the mean charred depth. Using the fire resistance duration the following estimated value has been obtained : β* test = 0.64 mm/min. This is in fact the most simple procedure (visual damage) to determine charring rates experimentally. It can be observed that the difference between both methods is significant.
Comparison with various models and presentation of a new proposal
Eurocode 5 EC5-1.2
Experimental results have been compared with the notional charring rate values proposed in EC5. A separate comparison has been made for softwood and hardwood species. Fig. 4 presents the results of softwood species specimens and shows that for the two types of tests, the EC5 recommendation is generally on the safe side, with only one result very slightly on the unsafe side.
The results for tropical hardwood species are presented in Fig. 5 . It can be seen that for densities between 500 and 800 kg/m 3 , EC5 recommendation is unsafe, while it is safe for densities between 800 and 1100 kg/m 3 .
Australian standard AS 1720.4
As the Australian code [11] provides a notional charring rate depending on the wood density only (cf. Eq. (1)), it is easy to make the same type of comparison for tropical hardwood species. This is presented in Fig. 6 .
Almost all experimental results are on the safe side, with a difference with the values of the model larger than 15% for many of them, suggesting that the model is conservative. Fig. 7 is another way of presenting the comparison, also confirming that the model is conservative. 
Fig. 3. Test set-up for the wall (test 2).
White's model
This model is more complicated for the following reasons:
• the relation between time and charred depth is not linear;
• the parameter h in Eq. (2) depends on many physical characteristics;
• additional information is needed in order to evaluate the transport property d.
Estimates for the transport property d have been suggested by White himself [14] based on values available in reference [12] (see Table 2 ).
By considering the parameters p, ω, c and d in Eq. (3), values for h have been obtained for each specimen.
Predictions of the charring time have been calculated with Eq. (2) based on the position of the thermocouple (charred depth) and then converted into a mean charring rate by dividing the charred depth by the charring time. Predicted mean charring rates based on White's model [5] are given in Table 3 . If only tropical species are considered (test 5-20), the average for the ratio between the predicted value and the experimental value is 1.063 with a coefficient of variation equal to 15%. 
Proposal for a new model
The comparison of the experimental results obtained at the University of Liege with the results derived from the three models described in this paper shows that the models are not entirely satisfactory. Based on observations of these experiments, the following conclusions can be drawn.
• The Eurocode 5 model is safe and satisfactory for softwood species. For tropical hardwood species however, the model is unsafe for medium densities, but too conservative for high densities.
• The Australian code model is a more complex model (non-linear instead of bilinear). Furthermore it appears to be too conservative.
• White's formula is much more complicated than the two preceding models, as many physical characteristics that are not necessarily available to every day designers have to be evaluated. There is a significant variation between theoretical results and experimental results.
Fig. 7. Comparison of test results with Australian standard for tropical species (2).
Fig. 8. Comparison of test results with predicted charring rates from White's model.
The model to be adopted here should avoid these drawbacks and provide a practical solution for design.
The proposed solution is shown in Fig. 9 on which each experimental result is represented by one point giving the charring rate as a function of the density. The linear regression of the experimental points is represented by a dotted line. The model adopted, noted "ULg model" on the figure, is almost parallel to this linear regression, at a slightly higher level. (6) is based on simple coefficients, which makes it easy to remember and to use practically. The model has been limited to the value of 0.40 mm/min for densities beyond 1100 kg/m 3 because no experimental test exists in this domain (such high densities are very rarely encountered). Fig. 10 shows that the ratio ULg model/test is evenly distributed as a function of the density, which was not the case for White's model, see Fig. 8 . It also shows that the scatter of the experimental values around the model is narrower than for White's model.
Conclusions
The main conclusions that can be drawn from this research study are:
1. The test set-up and the experimental procedure used in this study are suitable for assessing the charring rate of different timber samples.
2. The test results confirm that density of wood influences significantly the charring rate. 
